This paper investigated the key factors and mechanisms of sulfamethazine (SMT) sorption on a novel carbonaceous nanocomposite, and the effects of harsh aging on SMT sorption in the presence and absence of soil and before as well as after aging. The carbonaceous nanocomposites were synthesized by dip-coating straw biomass in carboxyl functionalized multi-walled carbon nanotubes solution and then pyrolyzed at 300 C and 600 C in the absence of air. The sorption performance of high temperature carbonaceous nanocomposite on SMT was excellent, as measured sorption distribution coefficient in the order of 10 3 e10
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This paper investigated the key factors and mechanisms of sulfamethazine (SMT) sorption on a novel carbonaceous nanocomposite, and the effects of harsh aging on SMT sorption in the presence and absence of soil and before as well as after aging. The carbonaceous nanocomposites were synthesized by dip-coating straw biomass in carboxyl functionalized multi-walled carbon nanotubes solution and then pyrolyzed at 300 C and 600 C in the absence of air. The sorption performance of high temperature carbonaceous nanocomposite on SMT was excellent, as measured sorption distribution coefficient in the order of 10 3 e10
5.5 L kg
À1
. Carbonaceous nanocomposites were aged either alone or mixed with soil via exposure to nutrients and soil extract (biological aging) or 80 C for 100 d (chemical aging) . No obvious effects of harsh aging on SMT sorption were observed in the presence of soil and/or biological and chemical aging. The primary mechanisms for SMT sorption included partition caused by Van der Waals
Introduction
Sulfonamide antibiotics are produced in large quantities and heavily used in human therapy and farming industry as veterinary therapeutics and growth promoters (Hirsch et al., 1999; Kim and Carlson, 2007) . The antibiotics given to livestock are often poorly metabolized, therefore, residues of sulfonamide compounds end up in environment (surface and groundwater, and finally soil and sediment) (Cheng et al., 2016; Dong et al., 2015; Teixido et al., 2013; Xu et al., 2007) . Sulfonamides compete with p-aminobenzoic acid to prevent the synthesis of folic acid in bacteria, and thus accelerate the evolution of antimicrobial-resistant bacteria, provoking toxic effect on aquatic species and potentially negative effect on humans (Gao et al., 2012a; Wang et al., 2006) . Sulfonamide antibiotics have been detected at concentrations up to 900 mg kg À1 in manure, and parts-per-billion levels of sulfonamides in soils, groundwater and adjacent environmental compartments have been reported (Hamscher et al., 2005; Kemper, 2008) . Sulfamethazine (SMT; 4-amino-N-[4,6-dimethyl-2-pyrimidinyl] benzenesulfonamide) is an anti-infective agent, and used frequently in the treatment and prevention of infections (e.g., chlamydia, rheumatic fever, urinary tract infections and malaria, etc.) (Gao et al., 2012b) . SMT is highly hydrophilic (octanol water partition coefficient: SMT log K ow ¼ 0.27) even in neutral form (predominates between pH 3 and 7), and it is significant to find ways to minimize its runoff, leaching, and bioavailability if entering environmental media is inevitable (Teixido et al., 2011) . One way to stabilize the contaminant is to develop efficient, sustainable and economically attractive adsorbents to the contaminated water and soil Xu et al., 2012; Zhang et al., 2014b) . SMT sorptions have been studied on clay minerals (Gao and Pedersen, 2005) , soils (Lertpaitoonpan et al., 2009) , organophilic zeolite (Braschi et al., 2010) , nano materials Qiang et al., 2013; Yang et al., 2015) , biochar (Teixido et al., 2013) , steamactivated biochar (Rajapaksha et al., 2015) . The sorption capacity of clay minerals and soils cannot meet the needs of the removal of SMT. Zeolite and nano materials exhibit good sorption performance but they are not suitable for large scale application for the cost and potential environmental risk. In comprehensive consideration of the social, economic and environmental benefits, biochar (produced by pyrolysis under limited or no oxygen at moderate temperatures) proposal is feasible, low environmental risk and can be widely implemented large programmes in order to produce effects on global scale (Tan et al., 2015; Zeng et al., 2013a Zeng et al., , 2013b .
This revolutionary carbon material extensively exists, and it isn't high-tech, or even novel, and recently the basis for the strong interest in biochar is multi-fold. Complementary and synergistic objectives may motivate biochar applications for soil improvement (for improved agricultural gains as well as the reduced contaminants), energy production, climate change mitigation and waste management (Lehmann and Joseph, 2009; Sparrevik et al., 2014; Titirici et al., 2012) . Being a renewable resource, biochar is a promising resource for water, or soil contaminants treatment. Pignatello et al. studied the speciation of SMT on black carbon and the interaction of SMT with biochars of different properties and as a result of weathering in soil (Teixido et al., 2011 (Teixido et al., , 2013 . The sorption of SMT onto carbonaceous materials was through multiple mechanisms, such as the electrostatic interactions and the p-p electron donor-acceptor Teixido et al., 2011) . Hale and coworkers studied the effects of aging (chemical, biological, and physical aging), as well as soil addition on the sorption of pyrene to biochar and activated carbon (Hale et al., 2011) . The prerequisite for the application of biochar is a high capacity for pollutant sorption, and is sustained over a long period of time in the presence of soil, especially when exposed to harsh aging environmental conditions. It is significant to enhance the sorption capacity, stability and antiaging performance of biochar. Recent studies found that carbonaceous nano materials can bind to biochar surfaces (Inyang et al., 2013; Zhang et al., 2014a) . Biochar modified by magnetic iron oxide nanoparticles has been used to improve the sorption of heavy metals (Trakal et al., 2016) . Biochar was combined with the emerging graphene to create carbonaceous nanocomposites for organic and inorganic pollutants removal (Zhang et al., 2012; Tang et al., 2015) . Thus, marrying existing biochar technology with emerging nanotechnology to create hybrid carbonaceous nanocomposites is able to improve the performance of biochar (Inyang et al., 2014) . Specific functional groups (carboxyl, hydroxyl, and amine) grafted carbon nanotubes exhibit excellent sorption performance, thermal and chemical stability, and high mechanical strength (Titirici et al., 2015; Tang et al., 2014) . However, practical application of carbon nanotubes remains limited for its poor solubility and rapid aggregation in its native state (Inyang et al., 2014; Yan et al., 2015) . Utilization of biochar as sorptive supports is able to overcome these limitations, and maintains low-cost while improves the disadvantages of carbon nanotubes and biochar (Beesley et al., 2011; Gong et al., 2009) .
Consequently, the goal of the work presented here was to synthesize carbonaceous nanocomposites and test the capacity for SMT sorption. The sorption behavior of SMT to carbonaceous nanocomposites, including the sorption isotherms, mechanisms and the factors potentially affecting the sorption were investigated. Moreover, aging experiments were investigated. Finally, the application of carbonaceous nanocomposites to real SMT wastewater, cost analysis, and renewability evaluation of carbonaceous nanocomposites were also performed.
Materials and methods

Materials
Sulfamethazine (99%, w/w) was purchased from Sigma-Aldrich and its molecular structure, acidity constants, water solubility (Lin et al., 1996; Qiang et al., 2013) and the equilibria between species (Teixido et al., 2011) were shown in Fig. 1 . Stock solution (200 mg L À1 ) was prepared in 1% methanol, and was used to acquire the initial concentrations of SMT in batch sorption studies. Biochar samples were produced from rice straw, which contains approximately 38.1% cellulose, 16.8% hemicellulose and 11.2% lignin according to previous method (Huang et al., 2008 (Huang et al., , 2010 . Carboxyl functionalized short multi-walled carbon nanotubes with diameters ranging from 10 to 20 nm were purchased from the Chengdu Organic Chemicals Co. Ltd. (PR China). All other chemicals were analytical grade and used as received, and all solutions were diluted using ultra-pure water (resistivity of 18.2 MU cm).
Preparation of carbonaceous nanocomposites
Carboxyl functionalized short multi-walled carbon nanotubes (MWCNT) suspensions were prepared by adding 2 g (2% by weight) of MWCNT powder to 100 ml of ultra-pure water, and the MWCNT suspensions were sonicated in an ultrasound homogenizer with an output frequency of 20 kHz for 1 h at pulse intervals of 12 min (Inyang et al., 2014) . Rice straw biomass was converted to carbonaceous nanocomposites via a dip-coating procedure (Schoen et al., 2010) . MWCNT was coated on rice straw biomass via physical absorption (Van der Waals force, hydrogen bond, and insertion). And the dehydration condensation reaction of amino and carboxyl may be carried out in the process of pyrolysis. Detailedly, dried rice straw was crushed and ground to <1.0 mm in particle size, and 10 g of rice straw powder was added to 100 ml of MWCNT suspensions (stirred for 2 h, 300 rpm). The dried rice straw treated by MWCNT and untreated rice straw were pyrolyzed at 300 C and 600 C with a heating rate of 7 C min À1 for 2 h in the absence of air. All carbonaceous materials were rinsed with ultra-pure water three times, and then dried for later use.
Characterization methods
Elemental compositions (C, H, N and O) of carbonaceous materials were determined by dry combustion, using an elemental analyzer (model EA1110, CE Instruments, Milan, Italy). The pH values of the produced carbonaceous materials were determined in a suspension of solid-to-pure water ratio 1:20 (w/v) using a digital pH meter (Mettler-Toledo, China). The zeta potentials analysis of carbonaceous materials in water solutions was determined with a zeta potential meter (Zetasizer Nano-ZS90, Malvern). The Brunauer-Emmett-Teller (BET) specific surface area and pore volumes were measured by ASAP 2020 Accelerated Surface Area and Porosimetry System (Micromeritics Instrument Corporation, USA). The microstructures of carbonaceous materials were observed by environmental scanning electron microscope (ESEM) (JSM-5600, Japan). Binding energies were conducted based on the X-ray photoelectron spectroscopy (XPS) (Thermo Fisher Scientific-KAlpha 1063, UK), and the high resolution spectra were calibrated by setting C1s at 284.8 eV. Physiochemical features of carbonaceous materials were investigated via a Renishaw inVia Raman instrument equipped with a cooled silicon charge coupled device detector. Thermogravimetric analysis (TGA) was performed in a stream of air at a heating rate of 10 C min À1 with a Mettler TGA/ DSC1 analyzer to test the thermal stability of carbonaceous materials.
Sorption of sulfamethazine
A total of four sorbents including biochar pyrolyzed at 300 C (BC300), biochar pyrolyzed at 600 C (BC600), carbonaceous nanocomposites pyrolyzed at 300 C (BC-MWCNT300), and carbonaceous nanocomposites pyrolyzed at 600 C (BC-MWCNT600) were used. The sorbents were pre-wetted by flooding with the experimental liquid adjusted to the desired pH for 24 h at 25 C, then spiked with SMT and other solutes and mixed for an additional 24 h. Methanol was used as a carrier solvent for SMT, and the final methanol concentration was kept below 1% (v/v). NaN 3 (1.5 mM) was used to inhibit aerobic microbial degradation in initial experiments. When applicable, pH was adjusted with HCl or NaOH and ionic strength with NaCl. Sorption isotherms were run with duplicate points for SMT to all sorbents. After spiking with SMT and other solutes, the samples were equilibrated at 150 rpm (25 C) in an incubator shaker. The samples were then centrifuged at 2000 rpm for 20 min at 25 C, and the supernatant were filtered using 0.45 mm PVDF disposable filters prior to HPLC analysis (A control, without sorbents, was run for every sample).
Aging of sorbents
Artificial aging was carried out in the laboratory over 100 d. The two aging regimes used were biological aging and chemical aging. Aging was carried out on BC600 and BC-MWCNT600 alone (100 g), soil alone (500 g) or a mixture of soil and either BC600 and BC-MWCNT600 (500 g with a 5% weight BC600 or BC-MWCNT600 amendment). To ensure a homogeneous soil and sorbents mixture, batches were rolled at 10 rpm for 48 h prior to aging. All batches were maintained at 40% water holding capacity, using either a 1:1 mixture of soil extract: nutrient solution (biological aging) or ultra-pure water (chemical aging). Biological aging consisted of exposing the sorbents to a SMT contaminated soil extract, a nutrient solution containing glucose, peptone, NH 4 Cl, KH 2 PO 4 , CaCl 2 , MnSO 4 , ZnCl 2 , CuSO 4 and MgCl 2 (Hale et al., 2011) . The nutrient solution was added to avoid any limiting environmental conditions and provide an easily degradable C source for microorganisms. Chemical aging was carried out by continually exposing the sorbents to 80 C in airtight containers. Prior to aging, batches were sterilized to kill native microorganisms.
Measurement of sulfamethazine concentration
The sulfamethazine concentration in samples was determined using an Agilent HPLC Series 1100 (Agilent, Waldbronn, Germany) equipped with an auto-sampler and a UVeVIS detector. SMT was quantified by UV detection at 268 nm using a Zorbax SB-C18 column (4.6 Â 250 mm, 5 mm). The injection volume was 50 mL and the initial eluent flow rate was 1 mL min
À1
. Mobile phase A was composed of 80% HPLC grade 10 mM acetic acid/ammonium acetate (pH 4.5), and mobile phase B was 20% HPLC grade acetonitrile (Teixido et al., 2013) .
Results and discussion
Characterization of carbonaceous nanocomposites
The properties of rice straw biomass substantially changed upon pyrolysis, and the properties of straw biochar pyrolyzed at 300 C and 600 C were generally improved by the addition of MWCNT (Table 1) . The H/C and (O þ N)/C atomic ratios were calculated to evaluate the aromaticity and polarity, respectively (Chen et al., 2008) . Relatively lower H/C values of 0.31 and 0.25 for BC600 and BC-MWCNT600, respectively, than BC300 (0.77) and BC-MWCNT300 (0.67), indicated that biochars and carbonaceous nanocomposites produced under high temperature were highly carbonized, and exhibited a highly aromatic structure. In addition, the decrease in (O þ N)/C atomic ratio with increasing pyrolysis temperature (from 300 C to 600 C) indicated a reduction in the surface polar functional groups . The O/C atomic ratio decreased with the increase of pyrolysis temperature (from 300 C to 600 C), which indicated that less hydrophilic of carbonaceous materials was produced at 600 C (Ahmad et al., 2013) . The surface areas and pore volume of BC-MWCNT300 and BC-MWCNT600 were significantly improved, and demonstrated MWCNT was anchored to biochars. Furthermore, the microphotographs of BC600 and BC-MWCNT600 were shown in Fig. 2 . Amorphous and porous structure of rice straw biochar, and open or closed vesicles (due to the formation and release of volatile components) were observed (Fig. 2a) . Accumulated internal pressure with increasing temperature leads to enlargement of internal cavities, coalescence of the smaller pores, and rupturing of various structures Rajapaksha et al., 2014) . As a manifestation, volatile compounds were released. BC-MWCNT600 (Fig. 2c) showed the presence of tubular MWCNT bundles on the surface of biochar, indicating the incorporation of MWCNT in the carbonaceous nanocomposites. According to the analysis of the properties of straw biochar, it was obvious that rice straw pyrolyzed at 600 C was more suitable for the removal of SMT in aqueous solution due to its physiochemical characteristics.
The XPS C1s peaks of MWCNT, BC600, and BC-MWCNT600 were presented in Fig. 3 , which clearly showed that the oxygen containing groups were prevalent on the outer surface of carbonaceous materials. The main peak at 284.8 eV was assigned to aliphatic/ aromatic carbon (CeC, CeH, and C]C), then the peaks at 285.9e286.2 eV, 287.3, and 289.8e289.9 eV were attached to the oxygen-containing moieties, that is, CeO, C]O, and OeC]O, respectively. And their relative percentages were listed in Table 2 . Fig. 3a showed the preparation of carboxyl groups functionalized MWCNT introduced plenty of hydroxyl groups. Industrial carboxyl/ hydroxyl functionalized MWCNT is prepared via oxidation by potassium permanganate in different temperatures and different concentrations of sulfuric acid solution. Therefore, the purchased carboxyl groups functionalized MWCNT contains hydroxyl groups frequently. The XPS C1s peaks of BC600 (Fig. 3b) were similar to the reported results of pyrolysis biochar (Fang et al., 2014) . The relative percentages of OeC]O were increased due to the introduction of hydroxyl groups functionalized MWCNT for the preparation of carbonaceous nanocomposites.
In Raman spectra (Fig. 4) , all carbonaceous materials exhibited two characteristic bands at~1350 cm À1 (D-band) and~1580 cm
À1
(G-band) that can be assigned to carbon sp 3 and sp 2 configuration, respectively (Luo et al., 2014) . Generally, the D-band originates from defects and functionalities (e.g., eC]O, ÀOH, and ÀCOOH) within MWCNT walls, and increased I D /I G indicated higher defect concentration (increased functional groups) on the sorbents surface . The intensity ratios of D-and G-bands (I D /I G ) were below 1.0 for BC600, indicative of a high graphitization degree of pyrolysis biochar. After incorporating MWCNTs onto BC600, I D /I G of BC-MWCNT600 was significantly increased, indicating the increase of functionalities on carbonaceous materials. Thermogravimetric analysis profiles of BC-MWCNT600 exhibited a slightly higher thermal stability due to the introduction of MWCNT (Fig. 5) . From 100 to 350 C, transformation carbon (e.g., aromatic C]C groups) was disappeared, and graphitic chars were formed beyond 350 C (Chen et al., 2008) . Greater weight losses of MWCNT (~94%) and BC-MWCNT600 (~83%) were observed from 350 to 650 C than BC600 (76%).
Sorption isotherms
Sorption isotherms of SMT on MWCNT, BC600, and BC-MWCNT600 were presented in Fig. 6 . The sorption data were fitted to the Freundlich model:
where q a (mg g
À1
) is the adsorbed value of adsorbate at equilibrium, C e (mg L À1 ) is the equilibrium solute concentration, K F (mg 1Àn L n g À1 ) is the constant indicative of the relative sorption capacity of the adsorbent and n (dimensionless) is the exponential
defined by the ratio of SMT adsorbed per unit sorbent mass (q a, mg kg À1 ) and the equilibrium adsorbate concentration (C e , mg L À1 ) (Eq. (2)), and V e (L) is the liquid volume, M a (kg) is the sorbent mass, C 0 (mg L À1 ) is the liquid phase concentration without sorbent.
The fitting parameters were summarized in Table 3 , and the Freundlich model fits all sorption data reasonably (R 2 > 0.98). The sorption affinity could be ordered as follows: MWCNT > BC-MWCNT600 > BC600, and indicated that the introduction of MWCNT created additional sites on the biochar surfaces to facilitate sorption for the large specific surface area and modified functional groups (ÀOH and eCOOH) of MWCNT. Within the tested concentration ranges, the sorption distribution coefficient (K d ) was on the order of 10 3 e10 5.5 L kg À1 for SMT on BC-MWCNT600. The observed K d values are remarkably larger than straw biochar and previously reported costly multiwall carbon nanotubes and graphite (Ji et al., 2009 ). The mean of reported OC-based distribution coefficients (K oc ) from natural soils at pH~5 was showed in Fig. 6b ( Lertpaitoonpan et al., 2009; Teixido et al., 2011) . K oc values, given as constants without regard for concentration dependence, are a XPS analysis showed no presence due to the extremely low content. calculated assuming all sorption occurs to the OC fraction, and that is they represent an upper limit. (Gao and Pedersen, 2005) , tea waste biochars (about 23,000 L kg À1 ) , and functionalized carbon nanotubes (about 14,700 L kg À1 ) (Zhang et al., 2010) , the K d values of carbonaceous nanocomposites were considerably larger than previously reported values at around pH 5, where SMT 0 predominates.
Effects of pH on sulfamethazine sorption
The pH influences SMT sorption by changing the surface charge of the sorbents and also the speciation distribution of SMT in solution phase (Wu et al., 2014) . The SMT speciation diagram and effects of pH on sorption of SMT to MWCNT, BC600, and BC-MWCNT600 were presented in Fig. 7 . The sorption distribution coefficients (log K d ) were nearly constant over the pH range of 3e6 and decreased approximately 30% when the pH increased to 9. The observation implied that MWCNT, BC600, and BC-MWCNT600 exhibited very similar patterns of pH-dependent sorption, suggesting the predominance of graphene surfaces in sorption. The dissociation constant of the sulfonamide group is 7.42 for SMT (see the pK a,2 value in Fig. 1) , that is the deprotonation begins at pH~7. The deprotonated anionic form is apparently much less hydrophobic than the protonated neutral counterpart. Moreover, deprotonation on the sulfonamide group would significantly decrease the p-withdrawing ability of the group, therefore suppressing the p-p EDA interaction with the p-donor graphene structure (Ji et al., 2009 ).
Effect of ionic strength and humic acid
The presence of salts and humic acid in SMT wastewater may affect the SMT sorption. Therefore, the influence of salt ionic and humic acid strength on the removal of SMT by carbonaceous nanocomposites was studied. Results depicted in Fig. 8a showed that an increase in NaCl concentration also increased SMT uptake slightly. Increasing ionic strength might facilitate sorption of ionic compounds on carbonaceous sorbents, because of the electrostatic screening of the surface charge by the counterion species added (Fontecha-Camara et al., 2007; Vinu et al., 2006) . The created hybrid carbonaceous nanocomposites contained ÀOH and eCOOH functionalized MWCNT and straw biochar also contained low surface functionalities, as a result, the increase SMT uptake was reasonable. Moreover, sorption of SMT was dominated by the protonated neutral form (see Fig. 7 ) where SMT 0 was about 99% (pH 5.0). Therefore, the positive effects of ionic strength on SMT sorption were not significant. Relatively strong sorption of humic acid on black carbon was reported, and the measured K d value was 815 ± 38 L kg À1 (standard deviation calculated from three replicate samples) for the created hybrid carbonaceous nanocomposites (BC-MWCNT600). The effect of humic acid on the SMT sorption on MWCNT, BC600, and BC- Fig. 6 . Sorption isotherms of SMT on MWCNT, BC600, and BC-MWCNT600 at pH ¼ 5.0 plotted as the solid-phase concentration vs equilibrium liquid-phase concentration (a) and plotted as sorption distribution coefficient vs equilibrium liquid-phase concentration (b).
Table 3
Summary of Freundlich model parameters (KF and n ± standard deviation) for sorption to MWCNT, BC600, and BC-MWCNT600. , sorption of SMT decreased more than a quarter. The suppression caused by humic acid on SMT sorption could be explained by direct competition for sorption sites on carbonaceous sorbents. Due to the obviously larger molecular sizes of humic acid, SMT would be blocked from entering the interstitial spaces of BC-MWCNT600 aggregates and the inner pore spaces to access the sorption sites. Consistently, the suppression of humic acid on SMT sorption on carbonaceous sorbents was negative with adsorbent microporosity, but positive with adsorbate molecular size (Ji et al., 2011; Wang et al., 2009 ).
Effect of biological and chemical aging
A high pollutant sorption capacity of the proposed carbonaceous nanocomposites was proved, and its anti-aging performance should also be considered. The sorption strength of BC600 and BC-MWCNT600, with and without soil and before and after aging was quantified by constructing five-point sorption isotherms for SMT. Fig. 9 showed that aging in the manners used here had variable effects on the sorption of SMT by BC600 or BC-MWCNT600 with and without soil. It can be observed that the anti-aging performance of BC600 was improved by introducing the carbonaceous nano materials both in biological aging and chemical aging. The sorption of SMT to BC600 decreased about 15%, while the sorption of SMT to BC-MWCNT600 decreased less than 10% at the equilibrium concentration of 1 mg L
À1
. The biological aging evaluated the influence of dissolved organic matter (DOM) of soil and soil microorganisms on the adsorptivity of the carbonaceous materials. DOM was adsorbed by BC600 and BC-MWCNT600 and thus occupied the sorbents surfaces and to subsequently reduce the SMT sorption and this was corroborated by the results in Fig. 8b . In addition, carbonaceous materials could be degraded by microorganisms and the hypha might block the inner pores (Yang and Sheng, 2003) . However, positive effects of soil microorganisms also occurred, such as biodegradation and microorganism sorption of SMT. Chemical aging altered the physicochemical properties of the sorbents and caused a development of surface functional groups, thus the sorption was not significantly influenced by the creation of some extra exchange sites on the surface of the sorbents (Hale et al., 2011) . Fig. 9c indicated that the sorption of SMT to BC-MWCNT600 did not suffer such a great reduction in the presence of soil. And the reduction in the sorption capacity of the carbonaceous nanocomposites was caused by the blockage of pollutant sorption sites by DOM, soil microorganisms, and other anthropogenic contaminants in the soil. The observed limited effects of harsh aging on SMT sorption were not affected to a great extent by the presence of soil and/or biological and chemical aging. Previous study found similar result, where the sorption of simazine to hardwood-derived biochar aged in field for 2 years was the same as that to fresh biochar (Jones et al., 2011) .
Possible mechanisms for SMT sorption
The biochar physicochemical property changes including surface area, pore volume, and surface functional groups occurred in the preparation of carbonaceous nanocomposites, thereby enhancing the sorption efficiency of SMT. BC600 consisted of a large number of micro-(0e2 nm), meso-(2e50 nm) and macropores (>50 nm), and MWCNT (10e20 nm) increased the amount of mesoporous. The SMT molecular size was reported to be 1.050 nm Â 0.672 nm (Braschi et al., 2010) . Therefore, SMT might diffuse into micro-, meso-and macropores. The primary mechanisms for SMT sorption included partition (caused by Van der Waals forces) and adsorption (caused by hydrogen bonding and pp electron-donor-acceptor interaction), as illustrated in Fig. 10 . For
Van der Waals force weakening rapidly with increasing distance, when the adsorbates approach closely to the surface of adsorbents. Hydrogen bonding between the nitrogen of the aniline, sulfinol or pyrimidine group of SMT and the oxygen containing groups (ÀOH and eCOOH) on BC-MWCNT600 was proposed the significant force for SMT sorption. The hydrogen bonding might be strengthened by the condensed aromatic surfaces, since high temperature BC-MWCNT600 provided a hydrophobic microenvironment to accommodate weakly hydrophilic SMT and facilitated the hydrogen bonding to functional groups by the large p subunit of their aromatic substrate (Fang et al., 2014) . The delocalized p bond of the aniline group or the pyrimidine ring of SMT could function as a pelectron-acceptor for its electron-withdrawing nature (Qiang et al., 2013) . The p-p electron-donor-acceptor (EDA) interaction was also the primary mechanisms governing SMT sorption by carbonaceous nanocomposites. At low pHs, where SMT þ was predominant, p þ -p electron-donor-acceptor interaction of the protonated aniline ring with electron rich grapheme surfaces of carbonaceous nanocomposites was the important driving force, rather than ordinary cationic exchange reactions Teixido et al., 2011) . Under neutral conditions, the K d values of the sorbents decreased, indicating a partial cation exchange and zwitterionic interactions as the main mechanisms for the sorption of SMT by carbonaceous nanocomposites. And in the alkaline region, the sorption of SMT was partly by proton exchange with water followed by interaction of the resulting neutral molecule augmented. Hydrogen bonding between SMT and a surface phenolate and carboxylate was the dominant mechanism (Teixido et al., 2011) . The proposed mechanisms are supported by the pH effects illustrated in Fig. 7 . The proposed carbonaceous nanocomposites were weak acidity in aqueous solution, thus promoted the sorption of SMT by reducing the solution pH value. Moreover, acylation reactions may occur between amino group of SMT and carboxyl group of carbonaceous nanocomposites in the presence of a particular catalyst. Overall, BC-MWCNT600 would be a promising sorbent for ionizable antibiotic SMT removal over a broad pH ranges, and it has great potential for the environmental remediation of SMT contaminated water or soils.
Application of carbonaceous nanocomposites to real water samples
Three different environmental samples, tap water (derived from Changsha Running-water Company), river water (taken from Fig. 10 . The formation of carbonaceous nanocomposites (BC-MWCNT600) and proposed mechanisms for SMT sorption. Dongting Lake, China), and landfill leachate (obtained from municipal solid waste landfills in Changsha, China) samples were used in this study, and the results were shown in Table 4 . It was observed that the sorption capacity for SMT in tap water, river water and landfill leachate were less than that in lab ultrapure water. It might be attributed to a higher pH values and the presence of DOM in real water samples. When initial SMT concentration was 10 mg L
À1
, more realistically representing environment levels, the removal percentage of SMT was more than 90%. The high SMT removal efficiency of carbonaceous nanocomposites indicated the great application potential in removing SMT in real waters.
The cost analysis and renewability evaluation
The rice straw biomass can be cheaply obtained from agricultural residues. Thus, the cost of BC-MWCNT600 prepared in this work is dramatically affected by the carboxyl functionalized MWCNT consumed and the preparation method. The wholesale price of carboxyl functionalized MWCNT with high purity is approximately US$ 8 Â 10 5 per ton. The pyrolysis and labor cost is estimated to be less than US$ 1000 per ton. Therefore, the cost of carbonaceous nanocomposites is approximately 1.6 Â 10 5 per ton.
Comparison with single-walled carbon nanotubes (US$ 441.85 Â 10 6 per ton) (Shawky et al., 2012) and C18 silica (US$ 4 Â 10 6 per ton) (El-Sheikh et al., 2008) , the cost of our prepared carbonaceous nanocomposites is much lower. Furthermore, the recyclability is an important factor for evaluating the economy and applicability of sorbents (Wu et al., 2014) . The regeneration of BC-MWCNT600 was conducted by adding SMT-loaded BC-MWCNT600 solids to the mixture of methanol and acetic acid (a mass ratio of 10:1) to a final concentration of 500 mg L À1 and the mixture was stirred at 25 C and 150 rpm for 60 min. The results were showed in Fig. 11 , after five sorption/desorption cycles, the adsorbed amount of SMT onto the recycled BC-MWCNT600 still remained at 29.95 mg g
À1
, which only reduced by 8.72% compared to that of the first cycle. The results indicated that the carbonaceous nanocomposites could be a cost-effective, efficient and potential sorbent for SMT removal due to the excellent regeneration performance.
Conclusions
A novel sorbent of carbonaceous nanocomposites with excellent sorption capacity is synthesized by dip-coating procedure and slow pyrolysis for the removal of SMT from aqueous solution. The physiochemical properties (surface area, pore volume, thermal stability, sorption capacity and anti-aging performance) of the biochar were enhanced by addition of carboxyl functionalized MWCNT. The distribution ratio K d at pH 5.0, where SMT 0 was about 99%, was as high as 10 5.5 L kg
À1
, up to 10 3 -fold greater than reported K oc . Moreover, the effects of harsh aging on SMT sorption were not affected to a great extent by the presence of soil and/or aging. The primary mechanisms for SMT sorption included partition caused by Van der Waals forces and adsorption caused by hydrogen bonding and p-p electron-donor-acceptor interaction. The carbonaceous nanocomposites could be a cost-effective, efficient and potential sorbent for environmental remediation of SMT and possibly other persistent organic pollutants from contaminated water or soils. 
